This article presents some ideas and issues related to the creation of a long-term upper tropospheric humidity (UTH) data set using satellite based microwave measurements. Polar orbiting satellites have been measuring UTH for more than a decade now. There are three microwave instruments which can measure UTH from Space: Special Sensor Microwave/Temperature-2 (SSM/T2), Advanced Microwave Sounding Unit-B (AMSU-B), and Microwave Humidity Sounder (MHS). These instruments have channels at 183.31±1.00 GHz which are sensitive to UTH. Retrieval of UTH and cloud issues are discussed in detail. Advantage of microwave measurements of UTH over infrared measurements are demonstrated. Preliminary results on the inter-calibration of these instruments are also shown.
INTRODUCTION
It has been widely recognized that the increase in water vapor associated with an increase in anthropogenic greenhouse gases, such as CO 2 , provides the largest positive feedback to the greenhouse warming of the Earth and its atmosphere.
1 Although there is a considerable spread in the water vapor feedback values, Global Climate Models (GCMs) simulate a water vapor feedback which follows an increase in water vapor conserving relative humidity. 2 This spread in water vapor feedback values can, to a certain extend, be explained by the uncertainty in the simulation of UTH by these models.
Water vapor in the lower troposphere is mainly thermodynamically controlled so that its representation in the models is good enough, but the water vapor in the upper troposphere, which has more impact on the outgoing longwave radiation due to colder temperatures in the upper troposphere, is controlled not only by thermodynamics but also by large scale dynamics and to a lesser extend by cloud micro-physics. Reproducing realistic upper tropospheric humidity (UTH) values warrants correct simulation of water feedback values by the models. Thus, it is important to monitor long term changes in UTH to better understand and predict climate change. Several studies have expressed demand for a good quality, long-term upper tropospheric water vapor data set to better understand water vapor feedback. 3 Satellite measurements of UTH make this long-term monitoring of UTH possible in a global sense. A channel at 6.7 µm (Channel 12) of High Resolution Infrared Radiation Sounder (HIRS) had been measuring UTH since 1979. This data set has been extensively used to study UTH and its impact on climate. Unfortunately, from 1998 onwards the spectral characteristics of this channel has been changed. The nominal wavelength of this channel has been changed from 6.7 µm to 6.5 µm. This has caused a brightness temperature difference of about 7 K between HIRS/2 (prior to 1998, till NOAA-14) and HIRS/3 (NOAA-15, 16, and 17). This is illustrated in Figure 1 , which shows the difference between HIRS/2 on NOAA-14 and HIRS/3 on NOAA-15 for a diverse set of 42 profiles (for details on the profiles see These are simulations using RTTOV for a diverse set of 42 profiles.
using the radiative transfer model RTTOV. This introduces a discontinuity in the measurements of UTH by HIRS instruments.
A drawback with infrared measurements of UTH around 6.7 µm is contamination by clouds. The data cannot be used in presence of any clouds in the upper troposphere. This leads to a clear-sky bias in UTH data set derived from these measurements which is about 10%. 5 The issue of clouds will be discussed in more detail in Section 3.1.
Another source of continuous upper tropospheric humidity data is satellite microwave measurements. A channel at 183.31±1.00 GHz has been measuring UTH since 1994. There are mainly three microwave radiometers which can measure UTH. They are: SSM/T2 on Defense Meteorological Satellites Program (DMSP) satellites, AMSU-B on NOAA-15, 16, and 17 satellites and MHS on NOAA-18 and MetOp-1 satellites. These instruments are cross-track scanning, passive, total power radiometers which measure thermal radiation emitted by the Earth's surface and atmosphere. Time span of data from different instruments are presented in Table 2 . It should be noted that the spectral characteristics of the channel sensitive to upper tropospheric humidity is very similar for the three instruments. Therefore one can expect the radiances measured by these instruments to be similar. Thus, this provides a unique opportunity to make a long-term homogeneous UTH data set.
Moreover, microwave measurements are less affected by clouds compared to infrared measurements. It has been shown that only precipitating clouds affect microwave UTH measurements.
6 Therefore UTH data set derived from these measurements will not contain significant clear-sky bias.
The article is organized as follows: Section 2 describes the microwave instruments and data, Section 3 summarizes retrieval of UTH from 183.31±1.00 GHz brightness temperatures (T ±1 B ), and cloud and surface issues, Section 4 presents some results on inter-calibration of these instruments.
MICROWAVE INSTRUMENTS

SSM/T2
The SSM/T2 is a cross-track scanning, five channel, passive total power microwave radiometer system which consists of a single, self-contained module with a step-scan motion in the cross-track direction of ±40.5 degrees. The SSM/T2 observation rate is 7.5 scans per minute. There are 28 observations (beam positions) per scan for each of the five channels, with each observation having a spatial resolution of approximately 48 km. All five channels have coincident centers. The total swath width for the SSM/T-2 is approximately 1500 km (See Table 1 for details).
The five channels of SSM/T2 are designed to measure atmospheric humidity. The three channels centered around a strong water vapor line at 183.31 GHz measure humidity at three different layers of the atmosphere. The channel which is closest to the line center, located at 183.31±1.00 GHz, measures the upper tropospheric humidity.
Data from SSM/T2 are available from June 1994 to present from the Comprehensive Large Array-data Stewardship System (CLASS) of National Atmospheric and Oceanic Administration (NOAA). See Table 2 for details. Table 1 . Channel characteristics of the instruments. fC is the central frequency of the channel, ∆f is the passband width, NE∆T is the noise equivalent temperature, and S is the swath width.
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AMSU-B
The Advanced Microwave Sounding Unit-B (AMSU-B) is a 5 channel microwave radiometer. The instrument is designed to receive and measure radiation from a number of different layers of the atmosphere in order to obtain global data on tropospheric humidity. It works in conjunction with the AMSU-A instruments to provide a 20 channel microwave radiometer. The microwave characteristics of the atmosphere are provided in Figure 2 . AMSU-B covers channels 16 through 20. The highest channels: 18, 19 and 20 span the strongly opaque water vapor absorption line at 183.31 GHz and provide data on the atmospheric humidity at different levels. Channels 16 and 17, at 89 GHz and 150 GHz, respectively, enable deeper penetration through the atmosphere to the Earth's surface.
At each channel frequency, the antenna beamwidth is a constant 1.1 degrees (at the half power point). Ninety contiguous scene resolution cells are sampled in a continuous fashion, each scan covering ±49.5 degrees on each side of the subsatellite path. These scan patterns and geometric resolution translate to a 16.3 km diameter cell at nadir at a nominal altitude of ∼833 km. The passbands for all five channels are shown in Figure 2 . The center frequencies for channels 18, 19, and 20 are 183.31±1.00 GHz, 183.31±3.00 GHz, and 183.31±7.00 GHz, respectively. Further information regarding the AMSU-B channels can be found in Table 1 . 
MHS
The Microwave Humidity Sounder (MHS) is a new instrument for the MetOp and NOAA series of satellites. It is also a five-channel microwave instrument to measure profiles of atmospheric humidity in complement to the instruments measuring temperatures on these satellites. It follows a similar specification to the AMSU-B instruments on the NOAA-K (15),-L (16),-M (17) satellites. EUMETSAT will fly the instrument on MetOp-1, -2, and 3 and also provide copies of MHS for flight on NOAA-N (18) and -N'.
MHS is intended primarily for the measurement of atmospheric humidity, like the other two instruments. MHS has a circular field of view having a diameter of about 16 km at nadir. Ninety such fields of view are measured in each cross-track scan. The main difference between MHS and AMSU-B which is of interest to UTH study is that the channel at 183.31±7.00 GHz on AMSU-B is replaced by a channel at 190.31 GHz on MHS. A recent study by Kleespies and Watts (2006) 8 compared the brightness temperatures simulated for MHS and AMSU-B. They found that all channels around 183.31 GHz show same brightness temperatures, except that the one at 183.31±7.00 on AMSU-B measures slightly warmer radiances compared to its counterpart on MHS.
RETRIEVAL OF UTH
There is a simple relation, derived by Soden and Bretherton (1993), 9 to estimate UTH from radiances, which was originally derived for infrared measurements:
where ln(UTH) is the natural logarithm of Jacobian weighted mean of the fractional relative humidity in the upper troposphere, T B is the radiance expressed in brightness temperature, and a and b are constants. The constants are different for microwave and infrared cases or if one uses different definitions of the Jacobian. at high UTH values. The ECMWF 60 level sampled data set 11 was used to derive the coefficients a and b in Equation (1). The coefficients were derived for all AMSU-B viewing angles (45 angles from 0.55
• to 48.95
• from nadir in 1.1
• steps) so that the brightness temperatures do not need to be limb corrected. The relation basically provides a tool to transform the brightness temperatures to an intuitive quantity, relative humidity, rather than a retrieval in the normal sense.
Cloud Issues
Although microwave measurements are transparent to most of the clouds, they are contaminated in the presence of clouds with large ice particles and precipitation. Ice or rain particles scatters the radiation away from the line of the sight of the instrument and thus reduce the amount of radiation that should reach the instrument. This would results in a depression in brightness temperature measured. In Equation (1) a is positive and b is negative, therefore a decrease in brightness temperature would increase UTH. A very large depression in brightness temperature thus would lead to unrealistically high UTH values.
Greenwald and Christopher (2002)
6 investigated the impact of clouds on T 12 put forward a method to filter cloudy T
±1
B pixels using microwave measurements alone. As shown in Figure 3 measurements at 183.31±7.00 GHz (T ±7 B ) are sensitive to radiance emitted from the lower layers of the troposphere compared to the measurements at 183.31±1.00 GHz, therefore we expect T ±7 B to be warmer than T ±1 B (∆T B > 0) under clear-sky conditions. This will be reversed, i.e., ∆T B < 0, in the presence of clouds due to scattering effects.
One can also estimate a minimum value of T ±1 B for each viewing angle for clear-sky conditions. These are estimated from clear-sky simulations and are shown in Figure 4 . The threshold values follow limb darkening of the radiances as the instruments scans away from the nadir. 13 
Buehler et al. (2006)
12 combined these two criteria to detect cloud contaminated T
±1
B measurements. They demonstrated the robustness of the method using a case study, please see Buehler et al. (2006) 12 for further details. They also show cloud effect on UTH by calculating the difference of total sky (clear + cloudy pixels) UTH and clear sky UTH from the real AMSU-B data. Figure 5 shows this for a winter season. for each viewing angle of the instrument. There values were derived using the ECMWF 60 level sampled data set. It is clear from Figure 5 that active convective regions do have a positive difference. That is, at those regions total sky UTH is larger than clear sky UTH. It is very well known that there is a high positive correlation between ice water and water vapor in the upper troposphere due to their common origin, i.e., convective transport.
14 Therefore removing cloudy pixels would eventually remove measurements with high humidity values and thus introduce a dry bias in the data set derived from cloud cleared measurements. This is generally called as "clearsky bias". 5 The positive areas in Figure 5 are an over estimate of the clear-sky bias because the original UTH value will be in between the total-sky UTH and clear-sky UTH. Figure 6 illustrates the advantage of microwave measurements over infrared using a scene over a category 1 hurricane (Ophelia, September 12, 2005) . The aforesaid cloud filter is used for microwave measurements. For infrared measurements, the cloudy pixels are removed using T 11µ B -T 6.5µ B > 30 K. It is clear from the figure that in case of microwave, only pixels over precipitation bands are removed where as in case of infrared, pixels over most of the hurricane region are removed (see Figure 7 for precipitation bands). Thus, microwave measurements UTH can be used to study the evolution of upper tropospheric water vapor associated with hurricane formation.
Surface Influence
Measurements at 183.31±1.00 GHz can be contaminated by surface when the atmosphere is very dry. In that case measurements at 183.31±7.00 GHz are obviously contaminated by surface because the atmospheric opacity (absorption) is smaller for the latter (see Figure 2) . If we assume the surface emissivity to be the same for both channels, T ±1 B will be warmer than T
±7
B because the contribution of atmospheric emission will be more for the former as the frequencies are closer to the line center. Therefore, the cloud filter described in Section 3.1 can also be used to remove T ±1 B which are contaminated by surface. B . These clear-sky brightness temperatures are simulated using the ECMWF 60 level sampled data set.
11 It is evident that ∆T B can be negative almost at the entire range of T
±1
B . Therefore UTH derived from surface contaminated T ±1 B can be higher or lower than the original UTH based on the surface conditions like surface emissivity and surface temperature.
In summary, the filter removes cloudy as well as surface contaminated T ±1 B successfully. In cloudy cases it removes humid measurements thus introduces as dry bias (most of the red areas in Figure 5 due to removal of humid pixels). Surface contamination always represent dry cases, therefore one would expect a wet bias at those regions (blue areas in Figure 5 due to removal of dry pixels). But there can be two cases: (1) radiometrically cold surface -since the T ±1 B are cold, one gets an apparent humid UTH, thus a dry bias (red areas). An example for this is Himalayas in Figure 5 . This is in general true for elevated, ice covered regions such as Antarctic or Greenland. (2) radiometrically warm surface: desert or snow covered areas with high emissivity, one gets warmer T ±1 B , thus a drier UTH than normal. When those dry values are removed one gets a wet bias (blue areas) in the climatology. Thus, one can have either dry or wet bias in UTH climatologies based on these conditions.
INTER-CALIBRATION
The first step towards homogenized, long-term data set from satellite measurements is the inter-calibration of the instruments on different satellites. Recently, Cao et al. 2004 15 demonstrated a method to inter-calibrate instruments on polar orbiting satellites using Simultaneous Nadir Overpasses (SNO) of the satellites. Figure 9 shows preliminary results of inter-calibration of AMSU-B instruments using this method. It shows the difference in brightness temperature (mean and standard deviation of pixels in a target box) for NOAA-15 and NOAA-16. At this stage of the work, there is no evident systematic bias for Channel 18 of AMSU-B for NOAA-15 and NOAA-16. Further analysis is underway to inter-calibrate all the instruments using this method.
SUMMARY
Some ideas and issues related to the development of a long-term upper tropospheric humidity (UTH) data set using satellite based microwave measurements are presented. Polar orbiting satellites have been measuring UTH since 1994. The three main microwave instruments which can measure UTH from Space are: Special Sensor Microwave/Temperature-2 (SSM/T2), Advanced Microwave Sounding Unit-B (AMSU-B), and Microwave Humidity Sounder (MHS). These instruments have channels at 183.31±1.00 GHz which are sensitive to UTH. A simple methodology to estimate UTH from 183.31±1.00 GHz radiance is briefly discussed. Also, the cloud issues and surface issues are discussed. Moreover, the advantage of microwave measurements of UTH over infrared measurements is demonstrated. Preliminary results on the inter-calibration of these instruments are also presented.
